The graphic method of sizing pipe reservoir for short, high-intensity rainfalls. The sizing of a storage reservoir, in order to reduce maximum water discharges in stormwater drainage systems, is one of the major topics in the civil engineering. In this article a methodology that allows identifying an optimal capacity of a pipe reservoir is proposed. Applying a simplifi ed water fl ow model it was possible to bind various reservoir's parameters (a reservoir diameter, a diameter of an outfl ow orifi ce and an outfl ow coeffi cient) with an infl ow hydrograph (a peak fl ow, a time of rising, a hydrograph fi neness, a maximum discharge and a total volume). On the basis of functional relationships the nomographs were elaborated, allowing determining a desirable size of the reservoir, in a sense of a required peak reduction. The usage of the proposed methodology is presented with a simple example.
INTRODUCTION
The development of urban agglomerations and the aging of the existing stormwater collection systems lead to numerous stormwater drainage problems. They include the increasingly common fl ooding of catchments, which often causes traffi c paralysis and fi nancial losses. In order to avoid the above, it is justifiable to build detention reservoirs temporarily capturing a certain amount of the hydrograph volume, resulting in the maximum fl ows being reduced and delayed. However, due to a strong degree of urbanization of an area, allocating a site for such structures may be significantly impeded. Although the last twenty years have seen an advancement in the relief reservoir construction (Mrowiec 2002 , Kisiel et al. 2008 , the required surface area necessary for the construction of a rectangular reservoir may render it impossible for such a reservoir to be located at a given point of the drainage system. In these circumstances, tanks made from polyethylene or fi breglass tubes with large diameters may provide an alternative solution, as the space required for building a tubular tank in a highly urbanized city area becomes signifi cantly reduced, which is very important in engineering practice.
The methodology of a rectangular reservoir sizing is well developed, as it is refl ected in a number of graphical methods of calculating its storage volume, taking into account different outlet control devices -orifi ce, weir (Akan 1990 , McEnroe 1992 , Gomez et al. 2001 , Graber 2009 ).
In numerous works (Venutelli 2004 , Aldrighetti 2007 , Szydłowski and Michalińska-Murawska 2012 devoted to the issue of the fl uid fl ow through the circular pipe, appropriate numerical
The graphic method of sizing pipe reservoir for short, high-intensity rainfalls BARTOSZ SZELĄG 1 , ADAM KICZKO algorithms are applied to solve differential equations for momentum and mass conservation. Still, there is relatively little information on the subject of waste water accumulation in pipe reservoirs. One exception are the works of Mrowiec (2002) , who made a physical model of the reservoir, providing the basis for the calibration of mathematical models FLUENT and SWMM (Mrowiec 2002, 2007) . The scope of work undertaken by Mrowiec did not include the development of a graphic method of sizing a storage reservoir. Basically, in order to determine the storage volume of a detention reservoir it is necessary to solve complex sets of differential equations using numerical methods. Therefore, simplifi ed solutions such as Baker's method (1979) , or the equations presented in the guidelines of SCS (1986) prepared for the rainfalls of type I, II and III are very popular in practice. These methods capture the relation between the dimensionless reservoir volume and the maximum fl ow reduction coeffi cient and the infl ow hydrograph volume. The conducted theoretical analyses (Graber 2009 , Hong 2009 ) concerning the reservoir volume sizing reveal that Baker's method results in the reservoir oversizing and the SCS method in its undersizing.
Still, there is no reliable technique of sizing pipe reservoirs. With this in mind, it is advisable to develop a universal method of designing a reservoir diameter that would not require solving complex differential equations or applying the appropriate necessary software. Moreover, it is essential to verify the reservoir design methods which can potentially be used in determining the necessary storage volume of the pipe reservoir. This paper presents a method for the development of nomographs showing a relation between the triangular infl ow hydrograph parameters and the dimensions of a reservoir equipped with a circular orifi ce on the outfl ow. The preparation of nomographs involved the application of results (the storage reservoir length) of numerical calculations of a differential equation for the storage capacity volume.
The article contains an example of the application of the nonograph to size a pipe reservoir for the adopted shape and volume of the infl ow hydrograph.
MATERIAL AND METHODS

Sizing pipe reservoir volume
Surface runoff is a very complex phenomenon and the fact that it depends on numerous factors (Zawilski and Osuch--Pajdzińska 1998a , 1998b , Dayarante and Perera 2004 , Shuster et al. 2005 , Gironàs et al. 2009 , Sikorska and Banasik 2012 makes it impossible to take them all into account while applying simple engineering methods. For this reason a problem is simplifi ed by the use of a parametric relationship to describe the outfl ow hydrographs. The reviewed literature reveals that the following hydrograph's function are adopted for calculating the reservoir storage volume: triangular ones (Basha 1995 , Gomez et al. 2001 , Hong 2009 ), trapezoid ones (Burton 1980 , Donahue and McCuen 1981 , Guo 1999 , Graber 2009 ), described by the gamma likelihood density function (Kessler and Diskin 1991 , McEnroe 1992 , Currey and Akan 1998 , with a curvilinear graph Q = f(t) in the SCS method (1986) . The developed graphic--analytic methods (Guo 2004 ) have a universal character, so a hydrograph of any shape can be adopted on the infl ow to the reservoir.
In the presented analyses a triangular form of the infl ow hydrograph was chosen. As demonstrated by the following works (ATV A -118 1990, Hong et al. 2006 , Hong 2009 ) dealing with the subject of the research, such a form is a proper representation of the catchment's response to a short, high-intensity rainfall. The application of this type of parametrization for illustrating the intensity of the infl owing and outfl owing water in reservoir sizing is discussed by i.a. Guo (1999) . A triangular hydrograph of the infl ow ( Fig. 1 ) to the reservoir in the rise and recession phases, respectively, can be expressed with a formula:
in which: I max -peak fl ow, t p -time of rising, λ -hydrograph fi neness expressed as t op / t p .
Taking into consideration the hydrograph fi neness (λ), the infl ow hydrograph volume can be expressed as follows:
where: I max , t p , λ -as in formulas (1) and (2). Figure 1 shows the above relations.
The volume balance equation
The methods of designing storage reservoir are based on a principle applied in hydrology, i.e. the comparison of the infl ow and outfl ow variables graphs. The fi rst solution involves determin-FIGURE 1. The infl ow hydrograph adopted for calculating the storage tank volume ing the surface area of a fi gure formed by the infl ow and outfl ow hydrographs, the second one is the modifi cation of the fi rst one and involves plotting infl ow and outfl ow cumulative curves. In both cases the relation between the variability in the volume of stormwater accumulated in the basin V(t) and the intensity of the infl ow I(t) and the outfl ow of discharge devices O(h) is expressed with the differential equation for the volume balance in the following form:
in which: I(t) -infl ow to the reservoir, O(h) -outfl ow from the reservoir with the fi lling h, dV -stormwater volume change in the reservoir in time dt. Mrowiec (2007) studied in detail the variability of the surface area of the water level in respect of a volume in different stages of fi lling and emptying of the pipe reservoir (Fig. 2) . Due to the complexity of the problem, a longitudinal slope of the accumulation chamber i = 0 was adopted (a task where i ≠ 0 will be discussed in a separate analysis). Consequently, the reservoir volume V(h) for a fi lling h can be expressed as follows:
where:
A(h) -surface area of the wetted surface for the accumulation chamber fi lling h, L zb -the length of the storage reservoir. Surface area A(h) is expressed as follows:
where: D ak -storage reservoir diameter (m), θ -the central angle in the radians corresponding to the fi lling h, equal 2 arccos 1 .
In the above analyses, due to the complexity of its form, equation (6) was approximated by Hager's relation (2010) as:
where: D ak -the reservoir's diameter, L zb -the reservoir's length, D sp -the diameter of the reservoir orifi ce, D dop -the diameter of the infl ow channel, D odp -the diameter of the outfl ow channel, h -the accumulation chamber fi lling, i -a the longitudinal slope of the pipe reservoir, υ p -the average velocity of stormwater fl ow in the pipe reservoir, Q dop -infl ow to reservoir, Q odp -outfl ow from reservoir. 1 -infl ow channel, 2 -inlet chamber, 3 -detention pipe (accumulation chamber), 4 -overfl ow weir, 5 -outlet chamber.
FIGURE 2. Pipe reservoir diagram
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where:
A(h) -surface area of the cross section of the pipe reservoir, h -water depth (h max = h m = D ak ).
The fi lling of the pipe reservoir which accumulates the storage volume V(h) can be determined by substituting formula (7) into equation (6) and performing appropriate transformations:
where: (5) and (6). The outfl ow from the pipe reservoir through a circular orifi ce can be defi ned as follows:
where: C sp -parameter taking into account the characteristics of an orifi ce, expressed
Substituting formula (8) into equation (9) one obtains:
where: C sp -parameter defi ning the characteristics of the orifi ce, V(h) -volume of the pipe reservoir with the fi lling h,
Assuming that the reservoir volume is chosen in such a way that the outfl ow is merely a function of the water depth, with the reservoir being fi lled completely, the maximum intensity of the outfl ow through the orifi ce is:
and consequently the maximum fl ow reduction coeffi cient equals:
where: C sp , D ak , I max -defi ned as in formulas (1), (2), (6), and (9). The differential equation for V(h) was solved using the Runge-Kutta method in the explicit form with regard to the length of the reservoir pipe (L zb ). This yielded the model defi ning the infl ow-outfl ow transformation, which is the function of the reservoir length (L zb ). This brings the issue of the reservoir sizing to the identifi cation of the variable length value at which a specifi ed reduction effect is achieved. This constraint was introduced in the form of the minimization problem, performed using the Nelder-Mead local optimization algorithm (1965) . The minimized objective function had the following form:
where: β c -reduction set point, β o -reduction value calculated on the basis of the numerical solution of equation (4).
Thus the sizing problem had the following form:
where: L opt -length of the reservoir for which the objective function reaches the minimum value. In order to ensure appropriate accuracy of the solution, understood as the fulfi lment of the condition:
it was necessary to apply a multiple execution of the minimization algorithm for different localization of the starting point from which the search for the optimum position begins. This procedure prevented stopping the minimization within the objective function local minimum. Because of the implicit form of the problem with regard to the length, it was necessary to introduce an additional condition defi ning the outfl ow in the state of complete fi lling. It took the form of the assumption about the lack of retention in the network above the reservoir, resulting in equalization of infl ow and outfl ow for h = D ak . The infl ow hydrograph parameters were set point values in the minimization problem. Thus, the analysis of the relations between particular parameters required a multiple execution of this problem.
Dimensionless volume balance
The generalization of the results is possible by identifying the dependencies between the dimensionless variables, connecting the infl ow hydrograph parameters to the characteristics of the reservoir being sized. This was achieved on the basis of dimensionless equations of state. Substituting formulas (1), (2) and (10) respectively into (4) gave the following dynamics of the volume balance in pipe reservoir in the rise and recession phases:
The above equations (16) and (17) can be converted into a dimensionless form by introducing the following parameters (Akan 1990 , McEnroe 1990 , Hong 2009 dimensionless time from the beginning (t 
where: t p -the rise phase time, I max -peak fl ow, V c -infl ow hydrograph volume. Substituting the formulas (18), (19) and (20) into (16) and (17) gave the following dimensionless equations:
in which: κ D -parameter taking into account the characteristics of the reservoir and the infl ow hydrograph was expressed as follows:
in which: ω -the infl ow hydrograph shape parameter defi ned with the formula:
The volumes of the pipe reservoirs were calculated by assuming that the maximum fi lling (h) is equal to the diameter of the pipe reservoir (D ak ). Since the reservoir volume (V) is a function of the reservoir length (L zb ), which depends on the value of the parameter C D , the differential equations (16) and (17) require an iterative solving.
RESULTS
The calculation of the detention reservoir storage volume involved adopting the triangular infl ow hydrographs with volumes V c = 900÷45,000 m 3 , maximum fl ow rate I max = 1.5÷7.5 m 3 /s, the rise time t p = 5÷150 min; the values of the analysed hydrograph shape parameters (ω) ranged from 0.15 to 1.00. The study analysed the diameters of orifi ces D sp = = 0.25÷1.25 m and the diameter of accumulation chambers D ak = 1.25÷6.00 m. Reservoir sizing was conducted for the set point values of the reduction coefficient β = 0.1÷0.9. The analysis of such a signifi cant variability range of the infl ow hydrograph parameters and the tubular reservoir dimensions required over 1,000 simulations.
The conducted calculations provided a basis for the preparation of the nomograph (Fig. 3) showing the effect of the hydrograph shape parameter (ω) on the parameter κ D , assuming the constant values of the maximum fl ow reduction coeffi cient (β = 0.1÷0.9).
On the basis of Figure 3 it can be said, that the relation κ D = f(ω, β = const) is the linear function of the formula:
where: ξ, ε -empirical parameters characteristic of every value of the maximum fl ow reduction coeffi cient determined by the highest probability method. The conducted calculations show the values of the coeffi cient of determinance (R 2 ) in equation (26) for β = 0.1÷0.9 vary from 0.989 to 0.996 when the variability illustrated in Figure 3 is extrapolated with a linear function. The analysis of the fi tting of curves κ D = f(ω) for different maximum fl ow reduction coeffi cients shows that as the β value grows, the fi tting of the design points for the curve defi ned with equation (26) becomes worse.
So far there have been no attempts at developing a graphical method of sizing a pipe reservoir, therefore it is not an easy task to compare the storage volumes obtained using this method with those obtained by other methods. In this case it is only possible to make a comparison with the methods which do not defi ne precise requirements for the infl ow hydrograph shape, the pipe reservoir cross section or the applied outlet control devices. In view of the above observations, it is reasonable to include Baker's method (1979) in the comparison, as well as the methods based on empirical equations V zb / V c = = f(β) included in the SCS method (1986) . The analyses took into account the dimensionless volume of the pipe reservoir (V zb / V c ) obtained for ω = 1.00; this value yielded the greatest required volumes in the whole range of β. The results of the calculations are presented in Figure 4 .
On the basis of Figure 4 it can be seen that the largest reservoir volume within the analysed methods is acquired from the nomograph obtained on the basis of the individual research project (Fig. 3) in Moreover, taking into account the variability of the V zb / V c value obtained with the application of Baker's method as well as the developed nomograph (Fig. 4) , it can be seen that the difference in the values of the storage volume obtained by using the discussed methods is the smallest for low and high values of the maximum fl ow reduction coefficient.
EXAMPLARY APPLICATION OF THE GRAPHICAL METHOD OF SIZING PIPE RESERVOIRS
In order to present the method described above for calculating the reservoir volume, an exemplary calculation was performed in which the diameter of the circular orifi ce and the volume of the reservoir (V zb ) were calculated for the assumed maximum fl ow reduction coeffi cient (β) and the diameter of the reservoir (D ak ).
The infl ow hydrograph with the following parameters: the peak fl ow (I max = = 3.00 m 3 /s), the rise time (t p = 10 min), the hydrograph volume (V c = 2,250 m 3 ) and the hydrograph shape parameter ω = 0.80 fl ows into the pipe reservoir diameter (D ak = 4.00 m) and the diameter of the outlet pipe (D sp = 0.50 m). The purpose is to calculate the maximum fl ow reduction coeffi cient (β) as well as the reservoir length (L zb ) and storage volume (V zb ).
Substituting the appropriate data into equation (12) (Fig. 3) . The length of the pipe reservoir (L zb ) is calculated by transforming the formula (23) as follows: 
CONCLUSIONS
The prepared nomograph κ D = f (ω, β) shows that the hydrograph shape coefficient is a linear function of the κ D parameter provided β = constans. The resulting parameter κ D was obtained by normalizing the differential equations for the volume balance, defi ning the pipe reservoir operation during the rise and recession phases. It takes into account the characteristics of the reservoir (the reservoir diameter, the orifi ce diameter and outfl ow coeffi cient) and the triangular infl ow hydrograph parameters. The attached exemplary calculation proves that the reservoir sizing method, presented in the research paper, signifi cantly simplifi es its design process; it is unnecessary to use numerical methods in order to solve differentials equation for the water fl ow.
